ABSTRACT: The use of no-take marine reserves as fisheries management tools is controversial. A major expectation of marine reserves is that they will become net exporters of adult biomass (the 'spillover effect'). Herein, we show that the biomass of the surgeonfish Naso vlamingii tripled over 18 yr (1983 to 2001) 
INTRODUCTION
No-take marine reserves are areas of the marine environment in which all forms of extraction and disturbance by humans are permanently banned (Roberts & Hawkins 2000 , Gell & Roberts 2002 . Marine reserves are promoted widely as conservation and fisheries management tools (Roberts & Polunin 1991 , Dayton et al. 2000 , Roberts & Hawkins 2000 , Gell & Roberts 2002 , Russ & Zeller 2003 . However, their use as fisheries management tools is controversial (Gell & Roberts 2002 , Hilborn 2002 , the main expectation being that they will help to sustain external fisheries by net exportation of adults (the 'spillover effect') and propagules (the 'recruitment effect') (Russ 2002) . Spillover and recruitment effects are likely to require long periods of time to fully develop (McClanahan & Mangi 2000 , Jennings 2001 , Russ 2002 . Recovery periods for exploited species inside no-take marine reserves will depend upon a large number of factors. These include initial population size, intrinsic rate of population increase (r), life-history characteristics, the success of individual recruitment events, rates of immigration into reserves, and the extent of reduction of fishing mortality (F ) in a reserve (Jennings 2001) . For coral reef fish, we now know that maximum potential longevities are in the order of 10 to 40 yr for many species (Choat & Axe 1995 , Cappo et al. 2000 , Choat & Robertson 2002 . This suggests that the time required for population recovery and the development of spillover, a process often assumed to be driven by densitydependent effects inside reserves (Sanchez Lizaso et al. 2000) , may involve decades.
No study has unequivocally demonstrated spillover (net export of adults) from a marine reserve (Russ 2002) , partly because of the lack of appropriate experimental designs (e.g. lack of information on spatial abundance, spatial catch rate and movement patterns of targeted species before and after reserve establishment). Also, few investigations of spillover from reserves have been continued long enough for an effect to develop fully. In studies of spillover from coral reef reserves, studies generally cover a decade or less. For example, the studies of McClanahan & Kaunda-Arara (1996) and McClanahan & Mangi (2000) in Kenya, Russ & Alcala (1996) in the Philippines, Roberts et al. (2001) in St. Lucia, and Galal et al. (2002) in Egypt, spanned 6, 7, 10, 5 and 5 yr, respectively. All these studies produced evidence consistent with spillover. However, since many species of coral reef fishes are relatively long-lived, spillover from many coral reef reserves may well take decades to develop fully. The only study to date to investigate spillover of tropical reef fishes from a reserve on a time scale of decades is that of Roberts et al. (2001) in Florida, which showed that export of record-sized fishes to hook-and-line fisheries outside the Merritt Island no-take reserve took 9, 27 and 31 yr to develop for spotted sea trout, red drum and black drum, respectively. These 3 species had maximum potential longevities of 15, 35 and 70 yr, respectively.
Over a period of 18 yr (1983 to 2001), we monitored the biomass of an exploited surgeonfish, Naso vlamingii, inside a no-take marine reserve at Apo Island, the Philippines, and at a site on the island open to fishing. We also measured the change in spatial distribution of biomass outside the reserve over this period, and the spatial distribution of the hook-and-line catch rate of this fish outside the reserve after 18 to 19 yr of reserve protection. Herein, we determine if this information is consistent with spillover of N. vlamingii (a fish with a maximum potential longevity of 40 yr; Choat & Axe 1995) over a period of almost 2 decades.
MATERIALS AND METHODS
The study was conducted at Apo Island, central Philippines (9°4' N, 123°17' E) ( Fig. 1 ) from 1983 to 2001. The island covers an area of 0.74 km 2 , with 1.06 km 2 of coral reef down to the 60 m isobath (Russ & Alcala 1998) . Only traditional fishing methods, nondestructive to the benthos, have been allowed on the island since 1986, i.e. hook-and-line, gill nets, spears, and bamboo traps. A 0.45 km long 'no-take' marine reserve lies along the southeastern portion of the island (Fig. 1) , occupying approximately 10% of the coral reef area. The reserve has been protected since 1982, and Apo Island observes strict implementation of reserve regulations (Russ & Alcala 1999) .
Estimates of biomass were made at the reserve and a nonreserve (fished) site (Fig. 1) in December or November of each year from 1983 to 2001, except for the years 1984, 1986 to 1987 and 1996 using an underwater visual census (UVC) method, details of which have been published elsewhere (Russ & Alcala 1998) . Six 1000 m 2 (50 × 20 m) replicate areas of reef slope were censused in the reserve (2 to 17 m depth) and at the fished nonreserve site (6 to 17 m) on each sampling occasion. The observer (G.R.R.), the UVC method and the position of the replicates were the same from 1983 to 2001 (except that some replicate areas at the nonreserve site differed between 1983 and all other times). The 50 × 20 m replicate areas were distributed evenly along the northern section of the reserve (Fig. 1 ), and were placed within approximately 10 m of each other to ensure that 6 replicates would sample most (> 80%) of the reserve. The nonreserve (fished control) site at Katipanan fishing ground ( Fig. 1 ) was originally chosen as the closest site to the reserve with a benthic habitat as similar as possible to the reserve itself, and offered all-weather access to diving. The 50 × 20 m replicate areas were distributed in the same way as those in the reserve (Fig. 1 ). Counts and estimates of ) estimated for large Naso species (Froese & Pauly 1997) . The spatial distribution of fish biomass over time at the nonreserve site was estimated using the methods described by Russ & Alcala (1996) . Estimates of biomass were made for each replicate 50 × 20 m plot in the nonreserve area (Fig. 1) , and were averaged for the period 1985 to 1988 (early phase of reserve protection) and 1990 to 2001 (mid-to-late phase of reserve protection). The 1983 nonreserve data were excluded from this analysis. Spatial hook-and-line catch per unit effort (CPUE) for Naso vlamingii was estimated by roving creel surveys in 2000 and 2001 (Maypa et al. 2002) . All fishermen used hook-and-line and this gear accounted for most of the catch during this period (Maypa et al. 2002) . Field observers collected data from January to December of each year. Catches of N. vlamingii from within the 60 m isobath line were recorded. Weight measurements of fresh fish were made by A.P.M. and a fish dealer living on the island who had been trained to identify fish species using local names. Fish landed were weighed with commercial weighing scales to the nearest 10 g. When fishermen would not allow either length or weight measurements of their catch to be made, their estimate of the fish weight was recorded. Catch surveys used fish-landing forms that recorded (1) name of fisherman, (2) date, (3) total fishing hours, (4) fishing ground, (5) manpower, (6) gear used, (7) total weight of N. vlamingii caught (but not number of individuals caught). This information allowed estimates of spatial variations in catch records and CPUE around the island. At Apo Island, fishermen land their catch at many different sites, making it difficult to record every fish landing. We therefore monitored 3 major landing sites (Fig. 1) . CPUE data were collected on 3 randomly chosen days in each week of the year.
The effects of reserve status and time on Naso vlamingii biomass were analyzed by a repeatedmeasures analysis of variance (ANOVA), since the same 6 replicate areas were censused at the reserve and nonreserve sites at each sampling time. Biomass data were log (x +1)-transformed to satisfy assumptions of the analysis, and temporal trends in the reserve and nonreserve were examined by linear regression. The significance of changes in the spatial distribution of the biomass of N. vlamingii over time at the nonreserve site was tested by a chi-square test. Using a Mann Whitney U-test, hook-and-line CPUE for N. vlamingii within 200 m of the reserve boundary was compared to that at all other fishing grounds combined in 2000/2001.
RESULTS
A repeated-measures ANOVA indicated significant effects of reserve (F 1,10 = 75.41, p < 0.001) and time (F 13,130 = 1.80, p < 0.05) on the log-transformed biomass of Naso vlamingii. The reserve × time interaction was not significant (F 13,130 = 1.41, p = 0.16) for this analysis. The biomass of N. vlamingii tripled inside the reserve over 18 yr of protection from fishing ( Fig. 2a ; mean biomass = 1.02 × years protection + 6.60, r 2 = 0.58, F 1,12 = 16.81, p < 0.01). There was no clear pattern of change in biomass at the fished site over the same period (Fig. 2a, mean (Fig. 2c , Mann-Whitney U 25, 25 df = 87.50, p < 0.01), with 62.5% of the hook-and-line catches being recorded within 200 m either side of the reserve, in just 11% of the reef fishing area (Fig. 1) .
The spatial distribution of hook-and-line fishing effort, catch records of Naso vlamingii, and catch rate of N. vlamingii (as catch records person -1 h -1 ) are shown in Table 1 . Fishing effort was not distributed evenly around the island. In 2000 to 2001, over 75% of the hook-and-line effort was recorded at the Enas and Cogon sites, on the north side of the island (Fig. 1) Fig. 1 ). The catch rate of N. vlamingii at the Katipanan fishing site, where the UVC control area was located (Fig. 1) , was comparable to that recorded in an area extending 200 m on either side of the reserve boundary (Table 1 , Fig. 1) . However, the Katipanan estimate was based on only 2 catch records (Table 1) .
DISCUSSION
This study presents some of the most convincing evidence for spillover to date. The findings are consistent with spillover of Naso vlamingii from Apo Reserve developing gradually and influencing the local fishery in a positive manner. This study is unique in that it is the only one to have monitored biomass buildup of a species targeted by fisheries inside and immediately adjacent to a no-take reserve over time scales likely to be appropriate for many long-lived reef fish, i.e. over decades.
Nevertheless, the evidence is equivocal for 2 reasons. Firstly, the spatial distribution of hook-and-line CPUE for Naso vlamingii was not measured at Apo Island before the reserve was established in 1982. Secondly, movement patterns of N. vlamingii were not measured to detect if such patterns shifted over the 2 decades from non-directed movements before the reserve existed to net export from the reserve as biomass increased in the reserve. The former was a factor that we had overlooked. The latter was difficult to verify, since our decision not to do manipulative research, such as capturing and tagging fishes in the reserve, was critical in convincing the local community that the reserve is truly a no-take area set up for their benefit. Furthermore, no study has yet demonstrated that a reserve has caused a significant change in the movement patterns of reef fishes over such time scales.
Between 1983 and 2001, the biomass of Naso vlamingii tripled inside the reserve (Fig. 2a) , whereas outside, but close to the reserve boundary, it increased by a factor of 40. This seemingly incongruous result arose from the fact that the reserve had a healthy coral reef slope habitat, and reasonable N. vlamingii biomass (8.42 kg 1000 m ). Over the 18 yr study period, N. vlamingii biomass increased from 8.42 to 37.62 kg 1000 m -2 (a 4.5-fold increase) inside the no-take reserve, whereas outside, but close (200 to 250 m) to the reserve boundary, biomass increased from 0.32 to 12.90 kg 1000 m -2 (a 40-fold ) at 8 fishing grounds around Apo Island (see Fig. 1 ) for 2000 and 2001 combined. Data recorded from fisherman interviews at the 3 major landing sites. Note that 1 catch record may represent more than 1 fish. Each interview recorded species, total weight of catch of that species, total hours fished, but not number of individual fish caught. Also note that CPUE is expressed as kg person -1 h -1 in Fig. 2 . 'Boundary' fishing ground was 200 m on either side of Apo Reserve increase); i.e. the biomass attained outside but close to the reserve boundary was similar to that initially in the reserve.
Clearly, the effect of spillover in this study was not sufficient to concentrate most of the hook-and-line fishing at Apo Island close to the reserve boundary (Table 1) . Most fishing occurs on the northern side of the island, one critical reason being that the NE and SW monsoon seasons dominate local fishing patterns. A large part of the catch is taken during the SW Monsoon (June to September) and the interim calm periods (April, May and October) between the monsoons (Bellwood 1988 , Maypa et al. 2002 . Most of the Carangidae (jacks) at Apo Island (which constitute 23 to 47% of the total catch at the island) are caught on the north of the island, far from the reserve, during the SW monsoon and the interim periods of calm (Bellwood 1988 , Maypa et al. 2002 . It is here also that the mainstream currents first encounter the reef (Bellwood 1988 , Maypa et al. 2002 .
Several other studies have produced convincing evidence in support of spillover from coral reef and temperate marine reserves. Such evidence is usually higher abundance or catch rates of exploited species immediately adjacent to reserve boundaries (McClanahan & Kaunda-Arara 1996 , Rakitin & Kramer 1996 , Russ & Alcala 1996 , Cole et al. 2000 , McClanahan & Mangi 2000 , Roberts et al. 2001 , Galal et al. 2002 , Kelly et al. 2002 . In one of the more long-term studies, Davidson (2001) detected increased hook-andline CPUE of blue cod Parapercis colias inside, but not outside, the Long Island -Kokomohua marine reserve in New Zealand over a 6.5 yr period. However, the control (fished) site nearest to the reserve boundary was 1.3 km away. Given that blue cod were larger in the reserve and had relatively limited dispersal (Cole et al. 2000 , Davidson 2001 , it would be interesting to discover if the CPUE of larger blue cod was higher within a few hundred metres of the reserve boundary.
Other evidence relevant to spillover includes effects on total catch and overall CPUE of the fishery. The significant reduction in CPUE and total catch following the removal of protection of the Sumilon reserve in the Philippines (Alcala & Russ 1990 ) is consistent with a reduction of spillover concomitant with a reduction of fish biomass in the reserve. Maypa et al. (2002) and Russ et al. (in press) have shown that the benefits of the reserve to local reef fisheries at Apo Island over a 20 yr period have been higher and/or sustained total catches of reef fishes, increased hook-and-line CPUE, and a reduction in fishing effort. The fishery and tourism benefits generated by the Apo Reserve have enhanced the living standard of the fishing community (Russ et al. in press) . McClanahan & Kaunda-Arara (1996) monitored catch and CPUE close to (1.5 km) and far from (6 km) the Mombasa no-take marine park in Kenya, before and after the establishment of the park. The park removed 65% of the fishing area used by the closest fishlanding site, and about 65% of the fishermen left the landing site. Although CPUE had increased by 110% at this landing site 2 yr after park establishment, total catch was still 35% lower than before the park was established. Note that a neutral no-take park effect would suggest a 65% lower total catch. McClanahan & Mangi (2000) extended this study to show that the CPUE of fish traps, and the mean size of trapped fishes, declined with increasing distance from both the southern and northern park boundaries.
However, no study has demonstrated spillover (net export) unequivocally. An experimental design to do this has yet to be applied at the appropriate time scales (Russ 2002) . The present study is 1 of only 3 presenting evidence for the development of spillover over decadal time scales. Our results are consistent with those of Roberts et al. (2001) , who studied long-lived reef fishes at Merritt Island Reserve in Florida, and with those of Kelly et al. (2002) , who studied lobsters at the Leigh Marine Reserve in New Zealand.
It is most likely that the net export of propagules (the 'recruitment effect') from no-take reserves will be of greater importance to the maintenance or enhancement of fisheries than spillover (Russ 2002) . Nevertheless, demonstrating spillover, even if the process affects local fisheries in a minor way, is of vital significance to the successful establishment of reserves. Local fishery benefits will generate support for marine reserves (Russ & Alcala 1996 , McClanahan & Mangi 2000 , Roberts et al. 2001 . Local fishers at Apo Island are convinced that their catches and catch rates are better because of the presence of the no-take reserve (Russ & Alcala 1996 , Maypa et al. 2002 . The present study suggests that spillover of Naso vlamingii from the Apo Reserve is an important process affecting this perception of the fishers, and presents convincing evidence that reserves can benefit fisheries by spillover.
